We suggest a time-lens array with a filling factor of 200% and increased resolution of 60% without decreasing the number of lenses in the array. This time-lens array is based on a series of orthogonally polarized time-lenses. We investigate the different nonlinear interactions and show that when the pump waves of two adjacent time-lenses have orthogonal states of polarization, it is possible to overlap by 50% without unwanted nonlinear interactions.
Introduction
Lens-arrays are important for three-dimension imaging [1] , advanced projection systems [2] , optical imaging processing [3] and light-field imaging [4] . However, in designing a lens-array there is a trade-off between the number of lenses in the array and the size of each lens [3] . Larger lenses improve the resolution and increase the efficiency while more lenses enable higher performance from the lens-array.
The temporal equivalent of a lens-array is a time-lens array which is based on timing several time-lenses one after the other [5] - [7] . Each time-lens imposes a quadratic phase shift in time by a four-wave mixing process between the input signal and a chirped pump wave [8] - [11] . Time-lens arrays are important for analyzing single-shot ultrafast phenomena and can be implemented for investigating the evolution of rogue waves [12] - [18] , ultrafast pulses dynamics in lasers [19] , and for ultrafast data processing [20] . However, in a time-lens array each time-lens must be short, which limits the temporal resolution and its efficiency [21] . We suggest rotating the state of polarization of each time-lens compared to its neighboring time-lens which will enable to overlap adjacent timelenses in the array. Therefore, our method will enable to increase the resolution by 60% without reducing the number of lenses in the array.
Overlapping spatial lenses in a lens-array is highly challenging, while, overlapping time-lenses is easily done by reducing the delay between the pump waves of the time-lenses [5] . The two main problems when overlapping time-lenses are: how to separate the overlapped idler waves and how to suppress unwanted nonlinear interactions between the two pumps. We suggest to rotate the state of polarization of each time-lens compared to its adjacent time-lens so unwanted nonlinear interactions are suppressed and the idler waves are easily separated by their state of polarization. To demonstrate it we measured and analyzed the resulting idler waves from two overlapping Fig. 1 . Schematics of two time-lenses with adjustable delay between them. MTS -micrometer translation stage; DL -delay line; BS -beam splitter; PBS -polarized beam splitter; WDM -wavelength-division multiplexer; DCF -dispersion compensating fiber; HNLF -highly nonlinear fiber; SMF -single mode fiber; OSA -optical spectrum analyzer; Filter -band-pass filter. time-lenses as a function of the delay between the time-lenses and compared the resulting idler waves for different states of polarization. Finally, we demonstrate that our suggested scheme improves the resolution of the array of time-lenses by 60%.
Idler Waves From Overlapping Time-Lenses
We assembled two time-lenses and measured the output idler as a function of the delay between them. Schematic of the setup is presented in Fig. 1 . We divided an ultrafast laser pulse with 40 nm bandwidth into two arms by a beam splitter. We situated a translation stage with a mirror in each arm to control the relative timing between the reflected pulses and combined the two pulses back to obtain a double pulse wave. Next, we split the wave by a WDM into a pump wave of 1553 ± 1.5 nm and a signal wave of 1568 ± 1.5 nm. We denote the two pulses in the pump wave as P 1 and P 2 and consider them as two adjacent pumps in a time-lens array. We denote the two pulses in the signal wave as S 1 and S 2 and consider them as the input signal into the time-lens array which will be imaged. We synchronized each signal wave to overlap with its pump wave by controlling the timing between the signal and the pump with a free-space delay line (DL). The signal waves and the pump waves pass through 98.8 m and 200 m of dispersion compensating fiber (DCF) to satisfy temporal-imaging conditions, respectively [8] - [10] . Each pump pulse is combined with its signal pulse by a second WDM and they interact along a highly nonlinear fiber. The generated idler waves pass through a 10 km of a single mode fiber (SMF) and are measured by an optical spectrum analyzer (OSA) and a fast sampling scope.
The measured spectral and temporal distributions of the idler wave are presented in Fig. 2 . Fig. 2(a) shows the spectrum of the output idler as a function of the delay between the two timelenses. When the two time-lenses are separated by more than 44 ps, the spectrum of the idler wave shows a single peak at 1539 nm, denoted as A , which is the idler waves output from both time-lenses denoted as I 1 and I 2 . These idler waves resulted from the interactions P 1 P 1 S * 1 and P 2 P 2 S * 2 . The fringes in the idler spectrum are due to the interference between the two time-lenses outputs. When reducing the separation between the time-lenses below 44 ps, the pump waves start to overlap. Then, a Bragg scattering process of the idler waves generates two idler waves shifted by the frequency difference between the pump waves and denoted as B and B * . This Bragg scattering follows I 1 P 1 P * 2 for B and I 2 P * 1 P 2 for B * . We verified the Bragg scattering interaction by replacing the signal pulses with a continuous wave laser at the idler wavelength and observed the same generated idlers of B and B * . Reducing the separation farther results in overlapping between each pump wave and its adjacent signal wave leading to the nonlinear interactions P 1 P 2 S * 1 and P 1 P 2 S * 2 which generates an idler wave in the same frequency as the Bragg scattering interaction, so it contributes to B and B * accordingly. The next nonlinear interaction emerges when the separation between the two time-lenses drops bellow 22 ps. Then a Bragg scattering process of the idler by the two signal waves generates two additional idler waves with twice the frequency shift. This Bragg scattering follows I 1 S 1 S * 2 for C and I 2 S * 1 S 2 for C * . In addition, each pump wave interacts with its adjacent signal wave, namely P 1 P 1 S * 2 and P 2 P 2 S * 1 , resulting in an idler waves shifted twice compare to B and B * and contributes to C and C * . These interactions need larger overlap than P 1 P 2 S * 1 due to the Gaussian intensity profile of the pump waves. Finally, a cascade Bragg scattering process emerges when the two signal waves overlap enough and the idler from the first Bragg scattering interaction is shifted again by a second Bragg scattering interaction of the two signal waves resulting in an idler wave shifted four times and denoted as D . This process is relative weak and has low efficiency. We attribute the shifts in the central timing of the idler A as a function of the delay to temperature fluctuations which induce small pertubations in the state of polarization of the waves.
We also measured the temporal distribution of the idler wave as a function of the separation between the time-lenses. The results are presented in Fig. 2(b) and show the same generated idlers. The lower intensity is due to the lower sensitivity of the fast photo-detector compared to the optical spectrum analyzer. The asymmetric between B and B * and the absent of C * are due to a low pass filter at 1540 nm designed to remove the residual power of the pump wave to protect the fast photo-detector.
Orthogonally Polarized Overlapping Time-Lenses
Next, we show that when the pump waves are orthogonally polarized, the Bragg scattering interactions diminished and the other residual nonlinear interactions are suppressed. We replaced the beam splitter with a polarized beam splitter so the two pulses have orthogonal state of polarization. We measured the spectral distribution of the idler waves when the states of polarization of the signal waves are parallel to their pump waves and when they are orthogonal. The results when the state of polarization of the signal waves are parallel to their pump waves are presented in Fig. 3(a) . As evident, the resulting idler wave is clearly observed as A but the Bragg scattering interactions disappeared completely and only cross interactions between P 1 P 2 S * 2 and P 1 P 2 S * 1 are observed in B and B * . Also weak P 1 P 1 S * 2 and P 2 P 2 S * 1 are observed in C and C * due to small mismatches in the states of polarization. Nevertheless, the intensity of all these processes is lower and appears only for shorter than 22 ps separation. We can ignore both B * and C * since they are removed by the low-pass filter of 1540 nm. This indicates that each time-lens of 44 ps wide can overlap by 22 ps with its adjacent time-lenses leading to an array of time-lenses with a filling factor of 200% where each time-lens is twice wider.
Next, we rotated the states of polarization of each signal wave to be orthogonal to its pump by the polarization controller and measured the spectral distribution of the idler as a function of the time-lens separation, presented in Fig. 3(b) . As evident, the power of the idler wave from each time-lens, denoted as A , is decreased by 20 dB. The idlers B and B * , remained about the same and C and C * became stronger which prove that the processes of P 1 P 2 S * 2 and P 1 P 2 S * 1 contribute to B and B * ; and that P 1 P 1 S * 2 and P 2 P 2 S * 1 contribute to C and C * . Also, these results verify that the output idler waves have orthogonal states of polarization which allows to separate the two before detection as shown in [22] .
Therefore, there are two effects which allow to overlap adjacent time-lenses when rotating the state of polarization of every other time-lens. First, the idler waves are easily separable thanks to their orthogonal states of polarization [22] . Second, there is a reduction in unwanted nonlinear interaction between adjacent pump waves. Overlapping adjacent time-lenses have the benefit of increasing the width of each time-lens without decreasing the number of lenses in the array which improves the resolution. Another benefit of overlapping time-lens with orthogonal states of polarization is that by comparing the two temporal images from the two time-lenses, we can obtain partially knowledge on the state of polarization of the input signal wave as a function of time [6] .
Improved Resolution of an Array of Overlapping Time-Lenses
In our demonstration, although the two time-lenses are 44 ps wide, we can reduce the temporal separation to 22 ps, so each time-lens can overlap with its adjacent time-lens. This enables increasing the width of each time-lens without reducing the number of time-lenses in the array. Since each time-lens is wider the resolution of each time-lens increases accordingly. We compared the resolution of an array of non-overlapping time-lenses with the resolution of an array of overlapping time-lenses as a function of the time-lenses focal length. The results are presented in Fig. 4 where the resolution limitation of a non-overlapping time-lens array is denoted as the red asterisks and the resolution limitation of an overlapping time-lens array is denoted in blue circles. We also present a linear fitted curve according to [8] , [21] , [23] :
where f l is the focal length of the time lens determined by the group delay dispersion of the pump divided by two, τ p is the temporal width of the pump wave before the HNLF, and δt mi n is the resolution limit. The calculated results show an improved resolution of 60% when resorting to an overlapping time-lens array. 
Conclusion
To conclude, we propose an array of overlapping time-lenses with a filling factor of 200%. We analyzed all the nonlinear process and showed that when the overlapping time-lenses have orthogonal states of polarization all the unwanted nonlinear processes are suppressed and only the main interaction remained. Also, the output idler waves can be separated by their states of polarization. Finally, we calculated a resolution improvement of 60% in such array compared to a non-overlapping time-lens array while keeping the same number of lenses in the array. These results can lead to time-lens arrays with improved resolution and efficiency and open alternative route in temporal data processing and ultrafast pulses analyzing.
